The HMG-box protein Lilliputian is required for Runt-dependent activation of the pair-rule gene fushi–tarazu  by VanderZwan-Butler, Christine J. et al.
01 (2007) 350–360
www.elsevier.com/locate/ydbioDevelopmental Biology 3The HMG-box protein Lilliputian is required for Runt-dependent activation
of the pair-rule gene fushi–tarazu
Christine J. VanderZwan-Butler a,b,1, Lisa M. Prazak a,c, J. Peter Gergen a,b,c,⁎
a Department of Biochemistry and Cell Biology and the Center for Developmental Genetics, Stony Brook University, Stony Brook, NY 11794-5140, USA
b Graduate Program in Genetics, Stony Brook University, Stony Brook, NY 11794-5140, USA
c Graduate Program in Molecular and Cellular Biology, Stony Brook University, Stony Brook, NY 11794-5140, USA
Received for publication 10 May 2006; revised 6 September 2006; accepted 19 October 2006
Available online 25 October 2006Abstract
lilliputian (lilli), the sole Drosophila member of the FMR2/AF4 (Fragile X Mental Retardation/Acute Lymphoblastic Leukemia) family of
transcription factors, is widely expressed with roles in segmentation, cellularization, and gastrulation during early embryogenesis with additional
distinct roles at later stages of embryonic and postembryonic development. We identified lilli in a genetic screen based on the suppression of a
lethal phenotype that is associated with ectopic expression of the transcription factor encoded by the segmentation gene runt in the blastoderm
embryo. In contrast to other factors identified by this screen, lilli appears to have no role in mediating either the establishment or maintenance of
engrailed (en) repression by Runt. Instead, we find that Lilli plays a critical role in the Runt-dependent activation of the pair-rule segmentation
gene fushi–tarazu ( ftz). The requirement for lilli is distinct from and temporally precedes the Runt-dependent activation of ftz that is mediated by
the orphan nuclear receptor protein Ftz-F1.We further describe a role for lilli in the activation of Sex-lethal (Sxl), an early target of Runt in the sex
determination pathway. However, lilli is not required for all targets that are activated by Runt and appears to have no role in activation of sloppy
paired (slp1). Based on these results we suggest that Lilli plays an architectural role in facilitating transcriptional activation that depends both on
the target gene and the developmental context.
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Runx proteins comprise a relatively small family of con-
served DNA-binding transcription factors that are of widespread
importance in animal development and human disease. These
proteins are identified through a highly conserved 128-amino
acid motif termed the Runt domain that is responsible for DNA-
binding as well as for mediating dimerization with the unrelated
CBFβ/Brother partner proteins (Bushweller, 2000; Kagoshima
et al., 1993; Warren et al., 2000; Yan et al., 2004). Runt domains
between vertebrates and Drosophila share nearly 70% sequence⁎ Corresponding author. Department of Biochemistry and Cell Biology and
the Center for Developmental Genetics, Stony Brook University, Stony Brook,
NY 11794-5140, USA. Fax: +1 631 632 8575.
E-mail address: pgergen@life.bio.sunysb.edu (J.P. Gergen).
1 Current address: Department of Neuroscience, University of Pennsylvania
School of Medicine, 421 Curie Boulevard, Philadelphia, PA 19104, USA.
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.10.027identity, and almost all of the amino acid substitutions are
conserved, indicating that this domain is central to the regulatory
functions of these proteins. Runx genes have been identified in
all animal species examined including: runt and lozenge (lz) in
Drosophila, and three different Runx genes in mammals (for
review see Coffman, 2003; Levanon and Groner, 2004).
Mutations in all three human Runx genes are associated with
genetic disease (Lund and van Lohuizen, 2002) (Bowcock,
2005; Otto et al., 2002; Yamashita et al., 2005) and targeted
mutagenesis experiments in the mouse indicate that these genes
have vital roles in several developmental pathways, including
hematopoeisis, neurogenesis and osteogenesis (Komori et al.,
1997; Levanon et al., 2003; Otto et al., 1997; Wang et al., 1996).
A unifying aspect of Runx protein function in these many
different developmental pathways is a role in cell fate speci-
fication, presumably by transcriptional regulation.
Our work has focused on using the tools available in the
Drosophila system to investigate the function of Runt, the
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characterized for its role in the embryo where it plays vital roles
in several developmental pathways, including sex determina-
tion, segmentation, and neurogenesis. In the early blastoderm
embryo, Runt works in cooperation with other sequence-specific
DNA-binding proteins in a dose-dependent manner to trigger the
sex-specific transcriptional activation of the Sex-lethal (Sxl)
gene (Kramer et al., 1999). At a slightly later stage, runt
regulates the transcription of numerous downstream target genes
in the developmental pathway of segmentation (Aronson et al.,
1997; Manoukian and Krause, 1993; Tracey et al., 2000; Tsai
and Gergen, 1994, 1995; Tsai et al., 1998; Vander Zwan et al.,
2003; Wheeler et al., 2002). An intriguing aspect of transcrip-
tional regulation by Runt, as well as by the vertebrate Runx
proteins, is that they function both as activators and repressors,
depending on the specific target gene and the developmental
context. The mechanisms used to achieve this context-
dependent specificity are not understood.
We have developed a genetic approach that allows us to
identify factors that have dose-dependent roles in Runt-
dependent transcriptional regulation. This strategy utilizes
Drosophila lines that maternally express the yeast transcrip-
tional activator GAL4 to drive expression of UAS-runt trans-
genes concomitant with the onset of zygotic transcription in the
blastoderm stage embryo. The level of ectopic Runt is quan-
titatively manipulated in a reproducible manner by varying the
strengths of the NGT (nos-GAL4-tubulin) drivers and the
respondingUAS-runt transgenes (Li and Gergen, 1999; Swantek
and Gergen, 2004; Tracey et al., 2000; Wheeler et al., 2002).
Different expression levels give reproducible regulatory effects
on the expression of different downstream targets of Runt. The
odd-numbered stripes of the segment-polarity gene en are
extremely sensitive to NGT-driven Runt (Tracey et al., 2000).
Importantly, the threshold level of Runt required for en repres-
sion coincides with the level that is associated with embryonic
lethality. Experiments with different NGT and UAS-runt lines
indicate that a 50% reduction in the level of Runt leads to a
substantial increase in viability (Tracey et al., 2000). Based on
these observations we screened a collection of chromosomal
deficiencies to identify genomic intervals that dominantly
suppress the lethality associated with NGT-driven Runt expres-
sion. Further dissection of some of the deficiency intervals led to
the identification of several maternally expressed factors that
contribute to Runt-dependent repression and further revealed
two distinct steps in this process (Wheeler et al., 2002).
The results presented here emerge from our characterization of
one of the other intervals identified in this initial deficiency screen.
The lethality associated with NGT-driven Runt is greatly reduced
in embryos from females that have reduced dosage of polytene
interval 23C1-2. Further analysis of this region identifies lillipu-
tian (lilli) as a factor that contributes to Runt's potency in the
blastoderm embryo. lilli is the sole Drosophila homologue of the
mammalian Fragile-X-Mental Retardation (FMR2)/Acute Lym-
phoblastic Leukemia (AF4) family of transcription factors (Su et
al., 2001; Tang et al., 2001; Wittwer et al., 2001). There are four
members of this gene family in humans. lilli has been described as
a novel maternal-effect pair-rule gene that is widely expressedduring Drosophila development. In addition to a role in
segmentation, lilli has roles in cellularization and gastrulation
during embryogenesis (Tang et al., 2001) with additional roles
at later stages involving both MAPK and Dpp signaling
pathways (Su et al., 2001; Wittwer et al., 2001).
The characterization of the role of lilli in Runt-dependent
transcriptional regulation described here reveals that lilli does
not have a role in en repression, but instead plays a critical role in
mediating Runt-dependent activation of the pair-rule gene
fushi–tarazu ( ftz). We find that Lilli's role is temporally distinct
from that of Ftz-F1, another maternally expressed factor that
mediates Runt-dependent ftz activation. The differential require-
ments for Lilli and Ftz-F1 reveal new insights on the dynamics of
ftz regulation in the early embryo. Evidence is presented that
Lilli is also required for the initial activation of Sxl, a target of
Runt in the sex determination pathway. In contrast, Lilli appears
to have no role in the Runt-dependent activation of sloppy-
paired (slp1). A consideration of the overlaps in the require-
ments for runt and lilli in the context of what is known about the
dynamics of different transcriptional regulatory programs and
the proposed biochemical function of Lilli suggest that Lilli's
role in the early blastoderm embryo involves modulation of
developmentally dynamic chromatin architecture.
Materials and methods
Fly strains and crosses
The deficiency chromosomes Df(2L)JS32 and Df(2L)C144, and the P
element insertion lines lilli05431 and lilli00632 were obtained from the
Bloomington Stock Center. The lilliXS407 and lilliXS575 mutations were provided
by Arno Müller. The temperature sensitive lilli7F1 and lilli2L-193-35 mutations
were generated by Barrett et al. (1997) and Luschnig et al. (2004) and provided
byArnoMüller. The SxlPE:lacZ reporter gene line is as described byKramer et al.
(1999). The second chromosome-linked GAL4 driver P{GAL4-nos.NGT}40
(NGT[40]), and the P{UAS-runt.T}232 (UAS-runt[232]) and P{UAS-runt.T}15
(UAS-runt[15]) transgenic lines have been described previously (Tracey et al.,
2000). The third chromosome-linked GAL4 driver P{GAL4.nos.NGT}A (NGT
[A]) is described in Wheeler et al. (2002). The transgenic lines for GAL4-
dependent expression of odd-paired (opa), P{UAS-opa.VZ}10 (UAS-opa[10])
and P{UAS.opa.VZ}14 (UAS-opa[14]) are described in Swantek and Gergen
(2004). The genetic crosses used to assess the dose-dependent maternal effects of
different mutations on the lethality associated with NGT-driven Runt expression
as well as the assays used to measure levels of NGT-driven β-galactosidase
activity using the P{UAS-lacZ.B}4-1-2 (UAS-lacZ[4-1-2]) transgene are as
described in Tracey et al. (2000). The β-galactosidase levels reported are the
averages and standard errors in absolute light units (×10−3) obtained in assays
using extracts from single, carefully staged embryos (N=number of embryos).
As noted previously, there is an intrinsic biological variability in this assay of
approximately plus or minus 20% of the total.
Germline clone and temperature shift experiments
Mitotic recombination using the FLP/FRT/ovo[D] system (Chou and
Perrimon, 1996) was used to generate clones of female germ cells homozygous
for different lilli and Ftz-F1 mutations. For lilli, females homozygous for the
X-linked y w P{hsFLP}22 chromosome and heterozygous for lilliXS407
P{neoFRT}40A over CyO were mated to P{OvoD1-18}2La P{OvoD1-18}2Lb
P{neoFRT}40A/Cyo males. Progeny from this cross were heat-shocked at 37°C
for 2 h on 2 consecutive days starting 24 AEL (after egg-laying). Virgin female
progeny from this cross that were heterozygous for the lilliXS407 P{neoFRT}
40A and P{OvoD1-18}2La P{OvoD1-18}2Lb P{neoFRT}40A chromosomes
were collected and then mated to various males: (1) y w / Y (representing wild-
Table 1






ss e ro (control) 3% (421)
Df(2L)C144 100% (45) 28.1±7.9 (7) 433.5±28.9 (8)
Df(2L)JS32 34% (167) 284.9±38.0 (8) 433.5±28.9 (8)
l(2)00632 33% (249) 40.6±3.3 (10) 80.8±6.0 (15)
l(2)k05431 35% (136) nd
lilliXS407 28% (284) 96.5±13.7 (10) 121.9±19.9 (10)
lilliXS575 51% (186) 55.4±7.0 (10) 121.9±19.9 (10)
lilli2L-193-35 5% (272) nd
lilli7F1 32% (252) nd
The maternal effect of different mutations on the lethality associated with NGT-
driven Runt expression was determined by mating females heterozygous for the
NGT[40] driver and different mutant chromosomes to males heterozygous for
the second chromosome-linked UAS-runt[232] transgene and the CyO balancer
chromosome. The UAS-runt viability is given as the percent of straight winged
progeny relative to their curly winged, CyO siblings. The total number of
siblings recovered is given in parentheses (n). An isogenized chromosome
carrying the ss, e, and ro mutations was used as a control for out-crossing the
NGT[40] stock. The level of β-galactosidase activity in embryos from a cross
between similar experimental females and homozygous UAS-lacZ[4-1-2] males
provides a control for non-specific maternal effects on GAL4-driven gene
expression. Activity levels are reported for experimental and matched sets of
control embryo extracts processed at the same time in absolute relative light
units± the standard error. The number of single embryo extracts assayed for each
genotype is given in parentheses. Mutations indicated with nd=not determined.
352 C.J. VanderZwan-Butler et al. / Developmental Biology 301 (2007) 350–360type males); (2) y w / Y ; P{hs/runt.T} (hs-runt); and (3) y w ; P{SxlPE:lacZ}.
Induction of the hs-runt transgene was accomplished by shifting staged
embryo collections to 37°C for 20 min. The heat-shocked embryos were then
allowed to recover for 20 min at 25°C prior to fixation for in situ hybridization.
Parallel germline clone experiments were done with the lilliXS575 allele with
similar results, although the frequency of egg production from germline clone
females was reduced.
Ftz-F1 germline clones were generated using the Ftz-F1ex19 P-element
excision null allele (Fortier et al., 2003) obtained from Craig Woodard (Mount
Holyoke). Females homozygous for the X-linked y w P{hsFLP}22 chromosome
and the NGT[40] second chromosome and heterozygous for Ftz-F1ex19 P{FRT
(w[hs])}2A / TM3, Sb were mated to w / Y ; NGT[40] ; P{ovoD1-18}3L P{FRT
(w[hs])}2A / TM3, Sb males. The progeny from this cross were heat-shocked as
described above for the lilli germline clones, and then germline clone bearing
females of the genotype y w P{hsFLP}22 / w ; NGT[40] ; Ftz-F1ex19 P{FRT
(w[hs])}2A / P{ovoD1-18}3LP{FRT(w[hs])}2Aweremated tomales homozygous
for both theUAS-runt[15] andUAS-opa[14] transgenes. The effects of eliminating
maternal Ftz-F1 were assessed by comparing the ftz expression pattern in embryos
from this cross with the pattern in embryos of a cross between homozygous NGT
[40] females and homozygous UAS-runt[15] UAS-opa[14] males.
Temperature shift experiments to investigate the temporal requirements for
Lilli in ftz activation were performed by collecting embryos from the appropriate
crosses for 1 h at 25°C. These collections of 0- to 1-h-old embryos were then
shifted to 18°C and cultured at this temperature for 4 h before being shifted to
30°C for 15 min and then immediately fixed for in situ hybridization. Control
collections of non-shifted embryos were cultured at 18°C for 4.5 h prior to
fixation.
In situ hybridization
In situ hybridization with digoxigenin-labeled antisense RNA probes was
carried out as described (Klingler and Gergen, 1993) with modifications as
described by Swantek and Gergen (2004). The plasmid templates used to
generate riboprobes for the segmentation genes en, ftz, and the SxlPE:lacZ
reporter gene are described by Tsai and Gergen (1994). The template for
synthesis of the slp1 riboprobe is described by Wheeler et al. (2002).Results
lilli potentiates Runt activity
We previously described a genetic screen for factors that
potentiate Runt activity that is based on the suppression of the
lethality associated with the NGT-driven expression of UAS-
runt transgenes (Wheeler et al., 2002). This screen identified a
number of deficiency regions that suppress the lethality
associated with low levels of NGT-driven Runt expression in
the blastoderm embryo. Included in this set were two overlap-
ping deficiency regions located in polytene interval 23C:Df(2L)
C144 andDf(2L)JS32. In order to identify the gene(s) within this
interval responsible for the interaction with runt, we tested the
P-element insertion lines available in this region. Two P-element
insertions were found to suppress the lethality associated with
NGT-driven Runt: l(2)00632 and l(2)k05431 (Table 1). Both of
these insertions disrupt the lilli gene (Neufeld et al., 1998;
Wittwer et al., 2001).
The putative effect of lilli on runt activity was further
examined using several mutant alleles of lilli. NGT-carrying
females that are also heterozygous for these different mutations
showed a significant increase in the viability of UAS-runt
progeny (Table 1). The sole exception was lilli2L-193-35, a tem-
perature-sensitive allele which, we interpret, retains significantactivity at the temperature of 25°C used for these viability
experiments. From previous work we estimate that a twofold
decrease in runt's potency at the level of NGT-driven expres-
sion used in these experiments would increase the viability of
UAS-runt progeny from 3% to between 20% and 30% (Tracey
et al., 2000; Wheeler et al., 2002). Both Df(2L)C144 and
lilliXS575 allow for significantly higher viability (Table 1).
Measurements of the level of NGT-driven β-galactosidase acti-
vity inUAS-lacZ embryos indicate that the strong suppression of
Runt-dependent lethality obtained with these two mutations is
due in part to non-specific effects on GAL4-driven gene
expression (Table 1). In contrast, results obtained using this
same assay strongly suggest that the suppression of lethality
observed with the lilliXS407 mutation is not due to non-specific
effects on GAL4 activity (Table 1). Based on these results we
decided to further investigate the functional interactions between
Lilli and Runt in the early embryo.
lilli does not affect Runt-dependent engrailed repression
The other factors identified in our genetic screen that have
been characterized all contribute to the Runt-dependent repres-
sion of the odd-numbered en stripes (Wheeler et al., 2002). In
order to determine whether lilli also participates in this process,
we examined the effect of reducing maternal Lilli dosage on the
Runt-dependent repression of en. In a wild-type lilli background,
NGT-driven Runt prevents expression of the odd-numbered en
stripes at the gastrula stage and this repression is maintained
through the process of germ-band extension (Figs. 1A, B). In
embryos with reduced levels of maternal lilli there was no
Fig. 1. Lilli does not contribute to the Runt-dependent repression of engrailed. The pattern of en expression, as revealed by in situ hybridization in blastoderm (A, C)
and germ band extended (B, D) stage embryos. In embryos with wild-type lilli dosage, NGT-driven Runt blocks expression of the odd-numbered en stripes repression
at both stages (A, B). NGT-driven Runt has a similar effect on en in embryos from females heterozygous for the lilliXS575mutation at both the blastoderm (C) and germ
band extended (D) stages. The embryos shown are from a cross between females that are heterozygous for both the NGT[40] and NGT[A] drivers and homozygous
UAS-runt[232] males.
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dependent en repression (Figs. 1C, D). This result is markedly
different from results obtained with the other genes identified in
this screen, thus suggesting that Lilli's interaction with Runt
involves transcriptional targets other than the en gene.
lilli participates in the Runt-dependent activation of ftz
Tang et al. previously demonstrated that ftz expression is
reduced in embryos that lack maternal Lilli (Tang et al., 2001).
Runt also plays a role in ftz activation (Tsai and Gergen, 1995)
suggesting that the genetic interaction between Runt and Lilli
could involve ftz regulation. The level of ectopic Runt expressed
by the UAS-runt[232] transgene in embryos from females hete-
rozygous for both the NGT40 and NGTA drivers is not sufficient
to produce clear and reproducible changes in ftz expression. The
Runt-dependent activation of ftz is reliably examined using
these same NGT drivers in combination with the UAS-runt[15]
transgene, which gives an approximately threefold increase in
NGT-driven Runt expression (Tracey et al., 2000). This
increased level of Runt produces a widening of all ftz stripes,
and often fusion of stripes 5 and 6 in late blastoderm stage
embryos (Figs. 2A, B). This ectopic ftz activation is greatly
reduced in embryos that have this same level of NGT-driven
Runt that also have a reduced dosage of maternal lilli (Fig. 2C).
Similar results were obtained with lilliXS407 (not shown), as well
as with the lilli7F1 and lilli193-35 mutations (see below). Based
on these results we conclude that Lilli makes a dose-dependent
contribution to Runt-dependent ftz activation.
We further investigated the requirement for lilli in Runt-
dependent ftz activation using the FLP-FRT ; ovoD germline
clone methodology to eliminate maternal lilli (Chou and
Perrimon, 1996). As described previously (Tang et al., 2001),
ftz expression is reduced in embryos that lack maternally pro-
vided Lilli (Fig. 2F). In order to examine the role of Lilli in Runt-
dependent activation we used a heat inducible hs-runt transgene
to drive ectopic Runt expression. In late blastoderm stage
embryos that are otherwise wild-type, hs-runt induction leads to
activation of ftz in a broad band throughout the pre-segmentalregion (Fig. 2D). This response is blocked in embryos that lack
maternal lilli (Fig. 2E) and ftz expression resembles that
observed in lilli deficient embryos that are wild-type for Runt
(Fig. 2F). Based on these results we conclude that Lilli is
required for Runt-dependent ftz activation.
A simple interpretation of the above results is that Lilli and
Runt function together at the blastoderm stage to activate ftz.
However an alternative possibility is that Lilli functions during
oogenesis or earlier stages of embryogenesis to produce an
intermediary factor and/or chromatin environment that is
required for Runt-dependent activation. One approach for
discriminating between these possibilities is to utilize tempera-
ture-sensitive alleles to identify the pheno-critical time period
for Lilli function. As shown above, the lilli7F1 mutation behaves
similarly to lilliXS407, an X-ray induced putative null allele in
suppressing the lethality associated with NGT-driven Runt in
crosses carried out at 25°C (Table 1). Consistent with this, we
find that the response of ftz to NGT-driven Runt is reduced in
embryos from females that are heterozygous for lilli7F1 when
the embryos are collected and allowed to develop at 25°C (data
not shown). However, when embryos from this same cross are
allowed to develop at 18°C we find that the response of ftz is
similar to that observed in embryos from females that are
homozygous for a wild-type lilli allele (Figs. 3A, B). This
difference is specific to the lilli7F1 mutation as embryos from
females heterozygous for other lilli mutations show reduced
activation of ftz at this lower temperature (Fig. 3C). These
results indicate that the lilli7F1 allele is temperature-sensitive
and retains wild-type activity at this lower temperature. We took
advantage of this temperature sensitivity to investigate the
temporal requirements for lilli in Runt-dependent ftz activation.
The response of ftz to NGT-driven Runt is reduced in late
blastoderm stage embryos from lilli7F1 heterozygous females
that are shifted to the non-permissive temperature of 30°C for
15 min prior to fixation for in situ hybridization (Figs. 3D, E).
The ftz expression phenotype in these embryos is similar,
although not quite as markedly reduced as in embryos from
lilliXS575 heterozygous females that are put through the same
temperature-shift regimen (Fig. 3F). A similar set of results was
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sensitive and which as noted above appears to retain significant
function at 25°C. Based on these results we conclude that Lilli is
acutely required at the blastoderm stage for the Runt-dependent
activation of ftz.
Distinct roles for lilli and Ftz-F1 in ftz activation
Biochemical and genetic approaches have identified a number
of maternally expressed transcription factors, including Caudal,
GAGA and Ftz-F1 that are thought to contribute to ftz activation
(Dearolf et al., 1989; Topol et al., 1991; Ueda et al., 1990). Of
particular interest to us was Ftz-F1, an orphan nuclear receptor
protein that has been implicated as a mediator of Runt-dependent
activation (Tsai and Gergen, 1995). These previous findings were
based on examining the role of the 32-bp E1 cis-regulatory
element, and in particular the Ftz-F1 binding site contained within
this element, in mediating Runt-dependent activation. These
previous studies did not test directly whether elimination of
maternal Ftz-F1 prevents Runt-dependent activation in the
manner demonstrated above for Lilli. We used FLP-FRT ; ovoD
methodology to generate embryos that lack maternal Ftz-F1 in
order to determine the relative requirements for Ftz-F1 and Lilli inmediating Runt-dependent activation. These experiments used
Ftz-F1ex19, a P-element excision null allele (Fortier et al., 2003).
In this case we also took advantage of the fact thatFtz-F1 is on the
third chromosome to generate Ftz-F1 germline clone females that
were also homozygous for the strong, second chromosome-linked
NGT40 driver. The use of NGT-driven expression reduces some
of the variability that can be associated with the use of a heat-
shock to induce ectopic Runt expression.
The results of these experiments reveal clear stage-specific
differences in the requirements for Ftz-F1 and Lilli in the
activation of ftz. Elimination of maternal Ftz-F1 has no effect on
the Runt-dependent activation of ftz in late blastoderm stage
embryos (Figs. 4A, B). The lack of a requirement for Ftz-F1 at
this stage is in contrast to the results obtained above for Lilli
(Figs. 4C, D, see also Fig. 2). Interestingly, we find that the
relative importance of these two factors for ftz expression
switches soon after the completion of cellularization. Expression
of ftz is eliminated in early germ-band extension stage embryos
that lack maternal Ftz-F1, even in the presence of ectopic Runt
(Figs. 4E, F). In contrast, although the response to ectopic Runt
expression is attenuated, ftz expression is not eliminated in
embryos at this same stage lacking maternal Lilli (Figs. 4G, H).
Based on these results we conclude that Lilli and Ftz-F1 have
distinct roles in regulating ftz transcription with the requirement
for Lilli preceding the requirement for Ftz-F1.
lilli is required for Sxl activation
The above results demonstrate Lilli plays a critical role in
the Runt-dependent activation of ftz. Tang et al. reported thatFig. 2. Maternal lilli potentiates Runt-dependent ftz activation. All of the
embryos in this figure show the mRNA expression of ftz as detected by in situ
hybridization. (A) ftz shows 7 distinct stripes in a late blastoderm stage wild-
type embryo. (B) Embryos from a mating of females heterozygous for both NGT
[40] and NGT[A] with homozygous UAS-runt[15] males show broadening of
all stripes with a fusion of stripes 5 and 6. The UAS-runt[15] transgene is
approximately three-fold more active that UAS-runt[232] (Tracey et al., 2000).
(C) An embryo from a cross between females that are heterozygous for the
lilliXS575 mutation and for both NGT[40] and NGT[A] with males that are
homozygous for UAS-runt[15] shows reduced ftz activation (compare to panel
B). Similar dose-dependent effects on the Runt-dependent activation of ftz were
obtained with the lilliXS407 allele (not shown). (D) ftz is activated in response to
induction of hs-runt in embryos from a cross between wild-type females and hs-
runt males. The ftz expression phenotypes are more variable in these hs-runt
experiments than with NGT-driven ectopic expression. Induction of hs-runt in
otherwise wild-type late blastoderm stage embryos gives a clear expansion of ftz
in approximately 90% of the embryos (83 of 89 scored in this experiment), with
a single broad band of expression as shown in panel D in more than 20% of the
embryos (20 of 89). (E) The effect of hs-runt induction on ftz activation is
greatly reduced in embryos from a cross between lilliXS407 germline clone
females and hs-runt males. The most common phenotype (20 of 47 embryos
scored) is as shown in panel E, with only 11 of 47 embryos showing any
evidence of expression stronger than this. (F) Expression of ftz is reduced, but
not eliminated in late blastoderm stage embryos that lack maternal Lilli but that
are wild type for Runt. The embryo shown here is from a germline clone female
carrying the lilliXS407 mutation. The residual expression seen in the surface view
of this embryo is stronger than that previously described for germline clone
embryos using this same Lilli allele (Tang et al., 2001). The difference may be
due to the focal plane of the photomicrographs. There are also significant stage-
specific differences in expression due to the extremely dynamic decay in ftz
expression in Lilli germline clone embryos.
Fig. 3. lilli has an acute role in the Runt-dependent activation of ftz. These embryos show the effects of NGT-driven Runt on ftz mRNA expression as detected by in
situ hybridization. All of these embryos carry a single copy of the UAS-runt[15] transgene and were derived from females heterozygous for both the NGT[40] and
NGT[A] drivers. The embryos in the left column were all shifted to 18°C during the first hour of development and maintained at this temperature up to the stage when
they were fixed and processed for in situ hybridization. (A) Activation of ftz in response to NGT-driven Runt in females that are wild-type (WT) for lilli. (B) The
similar pattern of ftz activation in embryos from females that are heterozygous for lilli7F1 indicates that this mutation does not affect Runt-dependent activation when
the embryos are maintained at the permissive temperature of 18°C. (C) In contrast, ftz activation in response to NGT-driven Runt is reduced in embryos from females
heterozygous for lilliXS575 under these same conditions. The embryos in the right column were shifted from 18°C to 30°C for a period of 15 min immediately prior to
fixation. (D) ftz expression in embryos of the same genotype as in panel A. The similar expression patterns observed in these two embryos indicate that the transient
shift to 30°C does not affect the Runt-dependent activation of ftz in embryos that have wild-type maternal Lilli. (E) In contrast, this same temperature shift reduces the
activation obtained in embryos from females heterozygous for the lilli7F1 mutation (same genotype as in panel B). The differences in the expression patterns in panels
B and E demonstrate the temperature-sensitivity of the lilli7F1 allele. (F) ftz activation is also reduced in embryos from females heterozygous for lilliXS575 when the
embryos are shifted to 30°C for 15 min prior to fixation. This block in Runt-dependent activation is similar as in embryos of the same genotype that are maintained at
18°C (compare with panel C). The reduction in ftz expression obtained with the lilli7F1 mutation at the restrictive temperature of 30°C is not as severe as that obtained
with lilliXS575 (compare E with F), suggesting that lilli7F1 retains partial activity at the restrictive temperature.
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embryonic lethal phenotypes, with poor cuticle differentiation in
approximately half of the embryos (Tang et al., 2001). Cuticle
differentiation is adversely affected in female embryos that lack
Sxl activity (Gergen, 1987). As Sxl is also activated by Runt
(Kramer et al., 1999), we speculated that Lilli might also play a
role in the sex-specific transcriptional activation of Sxl. To test
this hypothesis, we examined the effect of eliminating maternal
Lilli on the expression of a Sxl reporter gene. We did not observe
any expression of this reporter gene in embryos deficient for
maternal lilli (Figs. 5A, B). Based on this result we conclude
that Lilli is required for transcriptional activation of the Sxl
embryonic promoter.
lilli is not required for the Runt-dependent activation of
sloppy-paired
Ftz and Sxl are two targets that are activated by Runt. As Lilli
has roles in the activation of both of these genes this raises the
possibility that Lilli functions broadly as a co-factor for Runt-
dependent activation. Another target of Runt-dependent activa-
tion in the blastoderm embryo is the segment polarity gene slp1.Indeed the simple combination of Runt and Opa is sufficient for
slp1 activation in all blastoderm nuclei that do not express Ftz
(Swantek and Gergen, 2004). The ectopic activation of slp1 in the
anterior head region provides a straightforward readout of Runt-
dependent activation in the absence of complicating cross-
regulatory interactions with other pair-rule transcription factors.
The anterior activation of slp1 in response to NGT-driven Runt
and Opa is not affected in embryos with reduced maternal lilli
dosage (Figs. 5C, D). It seemed possible that the high levels of
Runt and Opa used to give the strong anterior activation shown
here were sufficiently high to render slp1 activation insensitive to
lilli dosage. In order to investigate this possibility we assayed
anterior activation of slp1 at lower levels of NGT-driven Runt and
Opa (data not shown). These additional assays included
temperature shift experiments with the lilli7F1 allele to investigate
stage-specific effects. We found no discernible affects of the
different lillimutations on the anterior activation of slp1 in any of
these assays. Based on these observations we conclude that Lilli
does not participate in the Runt-dependent activation of slp1.
Although Lilli dosage has no effect on anterior activation of
slp1, there are clear and reproducible effects on the expression of
slp1 in the pre-segmental regions of the embryo. The slp1 stripes
Fig. 4. Distinct roles for Lilli and Ftz-F1 in ftz activation. The ftzmRNA expression pattern as visualized by in situ hybridization in late-blastoderm stage (left column)
and early germ band extension stage (right column) embryos. (A) Ectopic activation of ftz in response to NGT-driven co-expression of Runt and Opa in an embryo
from a cross between homozygous NGT40 females and homozygous UAS-runt[15] UAS-opa[14] males. Opa potentiates the Runt-dependent activation of ftz
(Swantek and Gergen, 2004) and is used in this experiment to increase the magnitude of the effect on ftz expression. The broadening of all stripes with partial to
complete fusion of stripes 5 and 6 was observed in 69 of 80 embryos at this stage. (B) Similar ftz activation is obtained in response to Runt and Opa in embryos that
lack maternally provided Ftz-F1. In this case, stripe broadening with fusion of stripes 5 and 6 was obtained in 14 of 17 Ftz-F1 germline clone embryos at this stage. (C)
ftz activation produced in response to hs-runt induction is more pronounced with fusion of all 7 stripes in 20 of 89 late blastoderm stage embryos. (D) In contrast, hs-
runt induction in embryos from lilliXS407 germline clone females gives little to no activation of ftz. Most (35 of 47) late blastoderm stage embryos in this experiment
retained 7 distinct stripes with evidence of partial stripe fusion in only 3 embryos. The early germ band extension stage embryos in the right column are from the same
four experimental crosses as the embryos in the left column. (E) NGT-driven Runt and Opa results in expanded ftz stripes in most embryos of this stage (37 of 47). (F)
In contrast, ftz expression becomes nearly undetectable at this stage in embryos with NGT-driven Runt and Opa that also lack maternal Ftz-F1. (G) hs-runt induction
during early germ band extension stages also results in ectopic ftz activation, with expression of 3- to 5-cell-wide stripes in 13 of 14 embryos. (H) This late activation in
response to hs-runt is blocked in lilli germline clone embryos with 1- to 2-cell-wide stripes in 11 of 13 early germ band extension embryos.
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This expanded expression is expected based on the effect that
Lilli has on ftz activation. The combination of Runt and Ftz leads
to slp1 repression and in embryos with NGT-driven Runt and
Opa, slp1 is expressed in all somatic cells that do not express Ftz
(Swantek and Gergen, 2004). The expanded slp1 stripes thus
provide evidence that in the same embryos where Lilli has no
effect on Runt-dependent slp1 activation in the head, there is an
effect on the Runt-dependent activation of ftz. Based on this
clear difference in the sensitivity of slp1 and ftz to Lilli dosage
we conclude that Lilli is not a general co-factor for Runt-
dependent activation.
Discussion
Identification of lilli in a genetic screen
We uncovered Lilli's role in Runt-dependent transcriptional
regulation based on the identification of lilli mutations as dose-
dependent suppressors of the lethality produced by threshold
levels of NGT-driven Runt expression. In contrast to all of theother Runt-interacting genes and deficiency intervals identified
as suppressors in this genetic screen, a reduction in maternal lilli
dosage has no effect on either the establishment or maintenance
of Runt-dependent en repression. The target of Runt that pro-
vides the most dramatic and clearest evidence for a functional
interaction between runt and lilli is the pair-rule gene ftz. It is
notable that the ftz expression is not discernibly altered by the
relatively low levels of NGT-driven Runt used in our genetic
screen. This raises a question regarding the basis for lilli acting
as a dose-dependent suppressor of the lethality associated with
ectopic Runt expression. One explanation is that there are subtle
changes in ftz expression at the threshold levels of NGT-driven
Runt used in the viability assays that contribute to lethality. A
second possibility is that there are other targets of Runt and Lilli
that contribute to the lethality associated with ectopic Runt
expression. Although Sxl would seem to be one obvious candi-
date for such a target, the developmental window for Sxl activa-
tion occurs prior to the stage during which our NGT-drivers are
useful for manipulating gene expression. Indeed, we have been
unable to detect activation of Sxl by NGT-driven Runt, even at
levels that are tenfold higher than the levels used in the genetic
Fig. 5. Differential roles for Lilli in activation of other Runt targets. Expression of a lacZmRNA from a SxlPE-lacZ reporter gene as detected by in situ hybridization in
populations of embryos that are wild-type (A) or that are derived from lilliXS407 germline clone females (B). This reporter gene is normally activated in early
blastoderm stage female embryos, corresponding to half of the embryos in a population. In embryos that are deficient for maternally provided Lilli the SxlPE-lacZ
reporter is not expressed in any embryos at this stage. Panels C and D show expression of slp1 mRNA as detected by in situ hybridization in embryos that carry the
UAS-runt[15] and UAS-opa[10] transgenes and that are from females heterozygous for both the NGT[40] and NGT[A] drivers. (C) Co-expression of Runt and Opa at
high levels leads to ectopic slp1 activation in the anterior head region. Expression in the pre-segmental region in these embryos is confined to the presumptive odd-
numbered parasegments (Swantek and Gergen, 2004), with near to complete elimination of stripes 7 and 11. (D) The reduced dosage of maternal Lilli in females
heterozygous for the lilliXS575mutation does not affect anterior slp1 activation at this same level of NGT-driven Runt and Opa. The reduction in Lilli dosage does result
in the broadening of the stripes in the pre-segmental region of the embryo, as expected due to the affect of Lilli on ftz activation and the role that Ftz has in slp1
repression.
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due to a non-specific effect of Lilli on GAL4-dependent activa-
tion of Runt. There is some evidence for non-specificity,
especially with Df(2L)C144; however, there is also a clear
suppression of lethality with other lilli alleles that do not show a
comparable reduction in NGT-driven UAS-lacZ expression.
Thus it seems likely that our identification of lilli is due to a
combination of specific and non-specific effects on the lethality
produced by NGT-driven Runt expression. If this interpretation
is correct, then it also seems likely that other deficiency intervals
that were eliminated from further consideration due to apparent
non-specific effects may in fact have specific and interesting
effects that would be revealed by more directly assaying the
effects of these mutations on the responses of different targets to
NGT-driven Runt expression.
Overlaps in the requirements for Runt and Lilli
Our observations confirm and extend the findings of Tang
et al. regarding a role for Lilli in the transcriptional activation of
the pair-rule gene ftz (Tang et al., 2001). Lilli does not appear to
have any role in regulating other pair-rule genes, and the effects
of eliminating maternal Lilli on segment-polarity gene expres-
sion have been interpreted as an indirect effect due to the loss of
Ftz (Tang et al., 2001). Thus ftz appears to stand out as the sole
gene in the segmentation pathway that shares a requirement forboth Lilli and Runt. The previous work from Tang and co-
workers did identify two other targets for Lilli in the early
Drosophila embryo, serendipity-α (sry-α) and huckebein (hkb).
There is no evidence that either of these genes is regulated by
Runt. Thus, just as there are targets of Runt in the segmentation
pathway whose regulation is Lilli-independent, there are also
targets of Lilli that do not involve interactions with Runt.
Our work adds Sxl as an additional candidate target for Lilli.
The elimination of maternal Lilli interferes with the activation of
the SxlPE:lacZ reporter gene in all somatic cells of the female
embryo. This global effect stands in contrast to the more
localized role of Runt which is only required for Sxl activation in
cells within the pre-segmental region of female embryos (Duffy
and Gergen, 1991). The failure in Sxl activation observed in the
absence of maternal Lilli is similar to the phenotype of embryos
that are mutant for either sisA or sisB (Bopp et al., 1991;
Erickson and Cline, 1993; Estes et al., 1995). Indeed we consi-
dered the possibility that the primary defect in lilli germline
clone embryos was the failure to activate either of these two
X-chromosome linked numerators. We found expression of sisA
to be normal in lilli germline clone embryos (VanderZwan,
2003). The low level of sisB expression in wild-type embryos
made it difficult for us to unambiguously determine whether lilli
was important for sisB activation. To further investigate the role
of Lilli in Sxl activation we examined the expression of the
SxlGOF:lacZ reporter gene (Kramer et al., 1999). Both Runt and
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embryos. The elimination of maternal Lilli has a more severe
effect on the expression of the SxlGOF:lacZ reporter than is
observed in embryos that are mutant for either runt or sisB
(VanderZwan, 2003). The most straightforward interpretation of
these results is that Lilli is directly involved in the transcriptional
activation of the early embryonic Sxl promoter, in this case
in cooperation with the four different X-linked factors that
are responsible for the sex-specific expression of Sxl in female
embryos.
Lilli: developmental roles of a putative architectural factor
The inclusion of Sxl gives us four putative direct targets of
Lilli in the Drosophila embryo. These four genes, Sxl, ftz, sry-α
and hkb are normally activated at very early stages, and in all
four cases this activation is reduced, if not abrogated, in the
absence of maternally provided lilli. The notion that Lilli
functions primarily in activation is consistent with observations
on the properties of the mammalian homologs FMR2 and LAF4
(Hillman and Gecz, 2001). However, early activation is clearly
not the sole identifying characteristic of Lilli's targets. Indeed,
for three of these targets, there are other genes in the same
developmental pathway that are activated at the same time that
do not require Lilli. In the cellularization pathway, Lilli is
required for expression of sry-α but has no role in the activation
of bottleneck (bnk) or nullo (Tang et al., 2001). In the segmen-
tation pathway, the gap gene hkb is expressed in the anterior and
posterior poles in response to signaling by the terminal pathway.
Elimination of maternal Lilli greatly reduces hkb expression,
but has no obvious effect on tailless (tll), another gap gene that
is activated at the same stage in response to the terminal
signaling pathway (Tang et al., 2001). Finally, the requirement
for maternally provided Lilli that is observed for ftz is not
shared with the pair-rule segmentation genes eve, hairy and
runt (Tang et al., 2001). This last observation is perhaps most
important as the wealth of information that exists on pair-rule
gene regulation provides a useful framework for further
considering the potential attributes of Lilli-dependent targets.
Elimination ofmaternal Lilli reduces, but does not eliminate ftz
expression (Fig. 2D). The reduced expression that remains is
similar to what is obtained in embryos that lack Runt (Carroll and
Scott, 1986; Tsai and Gergen, 1995), and is presumed to be in
response to other activating factors. The complications presented
by these other factors are bypassed in experiments in which Runt
is over-expressed, either by heat-shock or by NGT-driven
expression. Indeed, the inability of ftz to respond to ectopic
Runt in the absence of maternal Lilli provides very compelling
evidence for the importance of Lilli in ftz activation.
We found that Lilli is acutely required for mediating Runt-
dependent activation of ftz during the blastoderm stage, and that
this requirement precedes the temporal requirements for Ftz-F1.
Ftz-F1 was initially identified as a factor that interacts with
sequences within the ftz ‘zebra element’, a 669-bp, promoter
proximal element that drives early expression in response to gap
and pair-rule gene transcription factors (Ueda et al., 1990).
However, subsequent studies revealed that Ftz-F1 plays a moresignificant role in mediating Ftz-dependent auto-regulation by
the so-called ‘upstream element’ during the early stages of
germ-band extension (Yu et al., 1997). The earlier requirement
for Lilli strongly suggests it contributes to the early ‘zebra
element’-dependent activation of ftz in response to activating
inputs from Runt.
What is the role of Lilli in mediating Runt-dependent
activation? Directed yeast two-hybrid assays fail to detect direct
interactions between the full length Runt and Lilli proteins (data
not shown). This observation suggests that other factors
contribute to the functional interactions described above. A
notable conserved feature that Lilli shares with its mammalian
homologs is an HMG-box (Su et al., 2001; Tang et al., 2001;
Wittwer et al., 2001). This structural DNA-binding motif interacts
with the minor groove of DNA and modulates DNA structure by
bending (Grosschedl et al., 1994). These properties have been
interpreted to reflect an architectural role forHMG-box proteins in
facilitating the formation of higher order chromatin structures that
contribute to the regulation of gene expression. It seems likely that
chromatin architecture is important for ftz zebra element function.
Although the ‘zebra element’ was one of the very first cis-
regulatory elements in the segmentation pathway to be described
(Hiromi et al., 1985) there is not yet a clear understanding of the
rules that govern its activity. This is in contrast to the relatively
simple combinatorial rules that have been elucidated for several of
the stripe-specific elements of the pair-rule genes eve, hairy, and
runt (Klingler et al., 1996; Pankratz et al., 1990; Riddihough
and Ish-Horowicz, 1991; Stanojevic et al., 1991).We propose that
the difficulty in identifying discrete regulatorymodules within the
zebra element reflects the importance of chromatin architecture in
conferring high-fidelity regulation of the zebra element in
response to inputs from Runt and other gap and pair-rule
transcription factors.
It is interesting to note that the cis-regulatory element res-
ponsible for the initial activation of Sxl shares several properties
with the ftz zebra element. The minimal DNA element necessary
to faithfully recapitulate the strong, early sex-specific activation
of the Sxl promoter is 1.7 kb in size (Estes et al., 1995). As found
for the ftz zebra element, smaller reporter gene constructs do not
function properly, although sub-elements that confer sex-
specific regulation, and augment this activation have been
identified. The on/off regulation of Sxl is in response to a
twofold difference in the activity of four different DNA-binding
transcription factors. It is easy to imagine that chromatin archi-
tecture may be critical in sensing this twofold difference in a
robust and reproducible manner. There is one further similarity
shared by Sxl and ftz that is intriguing. The initial Lilli-
dependent activation of both genes is followed by a second
phase of gene expression that involves distinct cis-regulatory
components. In the case of ftz, the switch is from regulation by
the zebra element to regulation by the upstream element, where-
as for Sxl the switch is from expression at the SxlPe promoter to
expression at SxlM a different promoter that is activated in all
somatic cells of both male and female embryos (Keyes et al.,
1992). Perhaps the unique requirements for Lilli reflect archi-
tecture-dependent regulatory elements that retain the ability to
be rapidly re-organized in a developmentally dynamic manner.
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the activation of ftz and Sxl in the early Drosophila embryo
should provide new insights on the role of chromatin archi-
tecture in developmentally regulated gene expression.
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